A microscale ultracentrifugation procedure for the measurement of free theophylline in serum is described and evaluated by comparison with an equilibrium dialysis method. Provided an ultracentrifuge is available, micro-ultracentrifugation is a simple, cost-effective technique for the routine determination of free drug fractions.
The majority of drug binding to macromolecules in serum can be accounted for by association with albumin and alpha-I acid glycoprotein (alpha-I AGP). Albumin is the primary binding protein for acidic drugs, while binding to alpha-I AGP is more commonly observed with basic lipophilic agents. However, theophylline, although a basic lipophilic drug, appears to bind mostly to albumin.'
Alterations in the concentrations of these macromolecules can result in significant changes in the unbound fraction of the drug; alpha-I AGP concentration increases in stress conditions and the albumin concentration decreases in renal failure and hepatic disease.
It is generally accepted on theoretical grounds that unbound concentrations of drugs should correlate better with clinical effects than do total concentrations, since it is the unbound drug that is available for interaction at effector sites. However, free drug concentration monitoring has not been practised routinely in the past, because of the lack of easy-to-use technology. For most drugs there are still insufficient data to justify the recommendation of free level monitoring. Although it has been shown that measurement of free theophylline is no more helpful than that of total theophylline in patients suffering from chronic airflow obstruction.? measurement of free drug concentration may be more valuable in patients with severe renal disease, as the percentage of theophylline free in plasma may be increased by as much as 50% as a result of hypoalbuminaernia.' A recent survey on free drug concentration monitoring" concluded that rela-Correspondence: Dr I D Watson. tively little was known regarding free drug concentration-effect relationships; the authors believed that free drug monitoring in therapeutics would become more clearly defined during the next decade.
The available methods of determining the free fraction of drugs in serum are ultrafiltration, equilibrium dialysis and ultracentrifugation. Ultrafiltration is not suitable for the determination of the free level of theophylline since basic drugs absorb to the filters." Equilibrium dialysis (ED) is the standard method of determining the free level of drugs in serum or plasma but is subject to variation depending on temperature and pH effects. Commercial systems usually require a minimum serum sample of I mL, although systems with a volume of 200 J1L are available. Ultracentrifugation (UC) is a simple procedure and can be conducted on a microscale requiring only 200 J1L of serum for free phenytoin determination.' It is therefore suitable for routine use provided that the equipment is available.
A further alternative that has been proposed is saliva; some authors have found a good correlation between saliva and serum concentrations and advocate the use of stimulated saliva samples for routine monitoring of theophylline therapy.v' However, others have found many problems associated with saliva use, and feel that they cannot recommend saliva monitoring as a suitable alternative to serum measurement for basic drugs ionised at physiological pH.8.9
There has been conflicting evidence on concentration-dependent binding of theophylline. Buss et al.l.l O found no concentration-dependent binding of theophylline; however, Shaw et al," obtained strong evidence of concentration-dependent binding and this has been confirmed." All authors used equilibrium dialysis.
We have developed a micro scale ultracentrifugation procedure, previously validated for free phenytoin assay,' and have compared the performance of this procedure for free theophylline against a standard equilibrium dialysis method.
Materials and methods

Specimens
Thirty-two serum samples, which had been submitted to the laboratory for total theophylline measurement, were used. Analysis of the precision of the techniques, the effect of dilution and the effect of concentration on the protein binding of theophylline was conducted on spiked normal human serum.
Fluoroimmunoassay
Free and total theophylline levels were determined using fluorescence polarisation immunoassay (Abbott Ltd, Esher, Surrey, UK). Quality control was performed using suitably diluted Sentry'?' QC. Sensitivity of the TDx analyser was found to be 2·6 J.lmol/L theophylline.
Micro-ultracentrifugation
Beckman polyallomer microcentrifuge tubes (Beckman, High Wycombe, UK) each containing 200 J.lL serum were centrifuged, in duplicate, in a Beckman ultracentrifuge (L8-55 or L5-65) overnight at 42,000 rpm (temp 25"C, time 16 h); 50 J.lL of the layer of supernatant solution was collected and the duplicate fractions pooled to give 100 J.lL for analysis.
Equilibrium dialysis Cell method. One millilitre aliquots of serum containing theophylline were placed in Teflon dialysis cells separated by dialysis membranes (Spectrapor 2; CP Instrument Co Ltd, Stornford, Herts, UK) and equilibrated for 105 min at 3TC against an equal volume of a modified Krebs-Ringer bicarbonate buffer (88'8 mrnol/L NaCl, 4·73 mrnol/L KCl, 1·27 mrnol/L csci, 2·50 mrnol/L KH 2P04, 1·18 rnmol/L MgS0 4, and 24·9 mmol/L NaHCO J ) at pH 7·4; pH was adjusted to 7·4 before use by addition of either 0·1 M NaOH or 0·1 M HC!.
Tube method. Spectrapor semi-microtubing (4 mm diameter) was used. One millilitre of serum was placed in a length of tubing (approx 5 mm) and this was placed in I mL of buffer in LP3 tubes (LP3 3·5 mL 55 x 12 mm) (Sarstedt Ltd, Beau-mont Leys, Leicester, UK) on a shaker. Dialysis was conducted for lOS min at 37"C.
Calculation of the free fraction of theophylline
The free fraction was calculated as the ratio of the concentration in the supernatant (or dialysate) to the total concentration.
Protein determinations
The top 50 J.lL layers of supernatant solution have been shown to be devoid of albumin." Also, it has been found that albumin does not leak into the buffer in the equilibrium dialysis. 1.1 Alpha-I AGP was determined by immunoturbidimetric assay.
Precision of methods
The precision of both ED and UC methods was determined using serum obtained from healthy volunteers and spiked to 25 and 100 J.lmol/L.
Results and discussion
The mean free theophylline concentration by UC varied with temperature (Table I) , although binding was higher at 25 uC; this temperature was used and reflected values obtained by other authorsl.6.10.14 and was compatible with a previously reported assay for phenytoin.' Binding was concentration-independent up to a concentration of 1000 J.lmol/L. The precision of both micro-ultracentrifugation and equilibrium dialysis was examined, using 10 serum samples in each technique and with serum from the same individual (Table 2 ). Equilibrium dialysis (cell) was significantly more precise than either ED (tube) or UC. Due to the notably poor precision of the ED (tube) procedure, this technique was not pursued.
METHOD COMPARISON
The free fraction for patients' samples was deter- mined using micro-ultracentrifugation (25"C) and equilibrium dialysis (3TC). The correlation was y = 0·6111 + 1'0763x, r = 0·99 (Deming's regression).
Thus micro-ultracentrifugation correlates extremely well with equilibrium dialysis in the measurement of the free fraction of theophylline in human serum.
The mean values for the free fractions from patients' samples obtained using the two methods were: UC 19·69± 11·08j.lmol/L, ED 18·88± 10·21 Jlmol/L. There was no statistically significant difference between these means.
CORRELATION OF TOTAL THEOPHYLLINE
CONCENTRATIONS WITH FREE
CONCENTRATION DETERMINED BY BOTH
METHODS
Using the results from the same patients, the free theophylline concentrations were compared with the corresponding total concentrations, by use of simple linear regression. Total serum concentrations (Cstot) ranged from 8·5 to 144 j.lmol/L, and free concentrations (Cfree) ranged from 2·6 to 47·1 j.lmol/L (UC) and from 3·00 to 46·4 j.lmol/L (ED).
Free and total theophylline concentrations showed statistically significant correlations for both procedures Cfree v. Cj.otal, Ultracentrifugation: y = O'335 Ix +O·7396, r = 0·98. Equilibrium dialysis: y=0'3Ix-0'0239, r=0·99.
EFFECT OF DILUTION ON THE PROTEIN BINDING
OF THEOPHYLLINE
Five different serum concentrations of theophylline were analysed using UC and ED and the free fraction calculated (Table 3 ). It was found that sample dilution increased the free fraction. There was, however, no concentration-dependence over the range 25-1000 j.lmol/L. The differences in Table 3 can therefore be attributed to changes in binding protein concentration. Although ED (cell) is more precise than UC, it is clear there is good comparison between the techniques, thus allowing the advantage of the smaller sample size for DC to be utilised. Protein binding is temperature-dependent, and therefore this parameter must be strictly controlled during analysis to ensure reproducibility, whichever technique is used.
We found that 20'1., of alpha-I AGP remained in the fraction that was sampled, although this fraction is albumin-free.' Since theophylline is predominantly bound to albumin this would induce only a minor error. However, for basic drugs that are predominantly bound to this protein, UC as described here would not be appropriate; the problem can be solved by using either a smaller superfraction or a larger g force, though unfortunately pancake rotors are not readily available for the second option.
In summary, this study confirms the results obtained previously for phenytoin' and that provided an ultracentrifuge is available, microultracentrifugation is a simple cost-effective technique for the routine determination of free drug fraction.
